The use of a rotary Left Ventricular Assist Device (LVAD) as a bridge-to-recovery treatment is gaining considerable attention in the LVAD research community. Using a mathematical model of the cardiovascular-LVAD system, this paper intends to define the critical control parameters in terms of power and rotational speed of the LVAD to ensure normal dynamics of the aortic valve for different levels of patient's activity and severity of heart failure. The effects of permanent closure of the aortic valve on the hemodynamics of the patient and the pump flow characteristics, if the critical control values are exceeded, are also examined. Additionally, LVAD power and speed control parameters that yield a given percentage of the cardiac cycle during which the aortic valve remains open are examined indicating that the severity of the heart failure is a very important factor in deciding the appropriateness of the LVAD as a bridge-to recovery treatment.
INTRODUCTION
The American Heart Association (AHA) estimates that 5.8 million patients above the age of 20 in the United States currently suffer from heart failure, a condition in which the heart cannot pump enough blood into the circulatory system [1] . The Left Ventricular Assist Device (LVAD) is a rotary mechanical blood pump that can help heart failure patients by pumping blood from the left ventricle to the aorta. The rate of flow of the pumped blood is controlled by the rotational speed of the LVAD pump. When the speed is increased by properly adjusting the power delivered to the pump, the blood flow increases, providing more support to the body of the patient. The LVAD is typically implanted in heart failure patients for three different types of treatments [2] [3] [4] : (a) Bridge to Transplantation: This type of treatment is typically intended for patients awaiting a heart transplant. These patients can wait for long periods of time before a suitable donor heart is available. The LVAD can be implanted, in these cases, temporarily to help the native heart until a donor heart becomes available and the heart transplantation is performed. (b) Bridge to Recovery: This type of treatment is typically intended for patients whose heart condition may improve as a result of the LVAD support. It was observed [5] [6] [7] [8] [9] [10] that some patients can be weaned from the LVAD as their hemodynamic and physiological changes indicate recovery of the heart muscle. As in the case of the bridge-to-transplant treatment, the LVAD support in this case is also temporary and is kept until recovery occurs. At that point, the device can be explanted and the patient goes back to leading a normal life. (c) Destination Therapy: This type of treatment is typically intended for patients who are not suitable candidates for heart transplantation due to their age or condition and whose heart failure condition is permanent to the extent that recovery cannot occur. In such cases, the LVAD is intended to be implanted permanently in order to prolong survival and improve the patient's quality of life [2] .
The LVAD considered in this paper is one that is purposed as a bridge-to-recovery device. This is a very critical use of the device that has received considerable attention in recent years but has not been fully understood, at least from an engineering perspective. We believe that the LVAD will need to be operated differently when its purpose is bridge-to-recovery as compared to the other two types of treatment. The focus of our study is to determine the proper range for operating the LVAD pump which can maintain normal aortic valve dynamics (i.e., the aortic valve opening once for an appropriate percent of the duration of the cardiac cycle) while at the same time providing adequate blood supply to the patient's circulatory system. This range is defined in terms of the power delivered to the LVAD, and consequently the rotational speed of the LVAD pump.
It is well understood that the permanent closure of the aortic valve during the LVAD support is an important factor that can delay or prevent the recovery of the heart [11, 12] . Permanent closure of this valve can happen when the power delivered to the LVAD pump motor, and consequently the pump speed, reach critical values beyond which any further increase in power and speed will lead to a permanent closure of the aortic valve. This occurs due to the inability of the ventricle to create enough volume that can build pressure high enough to open the aortic valve and let the blood flow through it. The resulting permanent closure of the aortic valve may cause numerous complications such as (1) significant adverse changes in the patient's hemodynamic conditions, (2) aortic valve fusion or stenosis which occurs to about 88% of LVAD patients [11] , and (3) stagnation of blood flow and thrombus formation [13] . The latter may cause coronary occlusion, which means the oxygenated blood intended to feed the heart muscle will be blocked by the thrombus formed on the coronary. These complications have no major impact in cases when the LVAD is used as a bridge-to-transplant or as destination therapy treatments [11] ; however, it is extremely important that they be avoided in bridge-to-recovery treatments. The normal operation (i.e., opening and closing) of the aortic valve will help prevent these complications by keeping the heart muscle active in doing a part of the pumping function. Also, flow through the aortic valve will help washout the thrombus formed around the valve, and blood will flow through the 308
An Engineering Analysis of the Aortic Valve Dynamics in Patients with Rotary Left Ventricular Assist Devices coronary to feed the heart muscle. On the other hand it should be noted that recent studies have concluded that thrombotic events were more likely in patients with more frequent aortic valve openings, who were maintained on lower LVAD speeds [14] . This raises the concern that reduced flow through the pump might predispose patients to thrombotic events. The critical power delivered to the pump motor, which causes the motor speed to close the aortic valve, is not fixed. In fact, it varies largely as a function of the severity of the heart failure condition as well as the level of activity of the patient. Thus, the objective of this paper is to investigate the relationship between the critical power delivered to the LVAD pump, and the corresponding critical speed at which permanent closure of the aortic valve occurs, and the levels of patient's heart failure and activity. The effects of permanent closure of the aortic valve on both the patient's hemodynamics and pump performance characteristics were also explored. In order to accomplish these objectives, we relied on the combined cardiovascular-LVAD mathematical model derived in our earlier works [15] [16] [17] [18] .
This paper is organized as follows: The 6 th order state-space model of the combined cardiovascular-LVAD system used throughout the analysis and the method applied to detect the permanent closure of the aortic valve are reviewed in Section 2. Results of the study and the effect of the LVAD power on the aortic valve dynamics are presented in Section 3. A discussion of the results is included in Section 4, and concluding remarks are presented in Section 5.
METHODS
The mathematical model used in this paper for the combined cardiovascular-LVAD system was previously introduced and validated in [15, 16] . The model assumes the patient to have a healthy pulmonary circulation and right ventricle to the extent that their effect on the LVAD can be ignored. The left ventricle and the systemic circulation are modeled as a 5 th order autonomous nonlinear time-varying dynamical system. The LVAD considered in our earlier works [15] [16] [17] [18] as well as this paper is a rotary pump which can be modeled as a 1 st order dynamical system. The resulting combined biomechanical system is therefore a 6 th order system that is used to represent a heart failure patient implanted with an LVAD system. Figure 1 by R S , is the total resistance of the systemic circulation to the blood flow. When it increases, arterial pressure also increases which, in turn, reduces the cardiac output [19] . The overall diameter of the blood vessels in the systemic circulation is the most important factor that affects this resistance [20] . As a result of a complex physiological process, the systemic vascular resistance decreases during exercise allowing more blood flow into the circulation, but it increases during rest. The value for R S in our model can be varied to simulate different level of activities of the patient. Small values of R S are used to simulate high levels of activity (such as fast walking or running, for example), while high values of R S are used to simulate low levels of activity (such as rest or sleeping). In our model, we use a value of R S = 1.0 mmHg·s/ml to represent a moderate level of activity. (c) The Ventricular Elastance: The ventricular elastance E(t), represented by the inverse of the capacitance C(t) in Figure 1 , represents the relationship between the left ventricle pressure LVP(t) and the left ventricle volume LVV(t) [21, 22] . This relationship is described mathematically by the expression:
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x 6 R P Figure 1 .
The combined cardiovascular-LVAD circuit model.
where V 0 is a reference volume. Figure 2 shows plots of E(t) for three different heart conditions: a healthy left ventricle, a left ventricle with mild heart failure, and a left ventricle with severe heart failure. The maximum value E max of the elastance function E(t) can be used as a parameter indicator of the heart condition. In our model, a value E max = 2 mmHg/ml is used to represent a healthy heart and values of E max less than 2 are used to represent different levels of heart failure as illustrated in Figure 2 .
The Pump Motor Power
The LVAD pump considered in this paper is a rotary blood pump that is driven by a DC motor. In Figure 1 , the LVAD pump is represented by the branch within the circuit that starts at LVP(t) and ends at AoP(t). The pressure head (gain) across the pump is modeled as a voltage source H p with an internal resistance and inductance combination {R p , L p }. The pump is connected to the left ventricle via an inlet cannula modeled as {R i , L i } and to the aorta via an outlet cannula modeled as {R 0 , L 0 }. A nonlinear resistance R K is included in the circuit to model the effect of ventricular suction when it occurs [15, 16] . 
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Figure 2.
Ventricular Elastance E(t) for different levels of heart condition.
The rotation of the impeller of the pump causes a large pressure difference that forces the blood to flow from the inlet cannula through the pump to the outlet cannula. The rotational speed ω of the impeller is a function of the electric power P E delivered to the motor of the pump. Since ω is the main variable that affects the dynamics of the aortic valve and can cause it to close permanently, it is therefore importants to examine the relationship between ω and the electric power P E delivered to the pump, which acts as the control variable in our model. From Figure 1 , the pressure difference between the left ventricle and the aorta is characterized by the following differential equation: (2) where H p is related to ω according to [14] :
and β = 9.9025 × 10 −7 mmHg/(rpm) 2 . In equation (2), Q P (t) is the pump flow, and R * and L * are the total resistance and inductance in the LVAD portion of the circuit; i.e.,
The direct relation between P E , the electrical power delivered to the motor, and P P , the hydrodynamic power generated by the pump that can be used to determine the pressure head H p in (2) is as follows: (6) where η is the electric to hydrodynamic power transfer efficiency. The hydrodynamic power P p can be written as the product of the density of the reference fluid ρ, acceleration of gravity g, pump head H p , and the flow rate Q p (t) through the pump [23] . Therefore, equation (6) can be written as: (7) Solving for H p yields: 
Note that P E is the only control variable in the entire model. It can be changed by either manipulating the current I or the voltage V across the DC motor of the pump according to the relationship P E = VI. It should also be noted that a relationship between P E and ω, the rotational speed of the pump, follows directly from (3) as:
This relationship is highly nonlinear, and because of the dependence on Q P (t), a constant value of power applied to the LVAD motor will not lead to a constant rotational speed on the pump. Instead, the rotational speed of the pump will be periodic in nature as determined by eqn. (10) since Q P (t) is periodic. This phenomenon was studied in detail in [17] and [18] . For this reason, for the remainder of this paper when we refer to a rotational speed that corresponds to a value of P E , we actually mean the average value of ω (t) over its period. Table 1 lists the six state variables in the model and Table 2 lists all the parameters, their physiological meaning and standard values for a typical patient [15] .
Detection of the Aortic Valve Closure
As mentioned earlier, the main objective of this paper is to study the effect of the aortic valve dynamics on the hemodynamics of the LVAD patient and on the pump performance characteristics. To accomplish this, we excited our model with different 
values of the control variable P E so that the effect of the pump on the aortic valve can be observed over a wide range of pump operation. It is imperative that this range includes the critical value of P E , henceforth denoted by at which the permanent closure of the aortic valve first occurs.
There are two ways to detect the permanent closure of the aortic valve. In the circuit model of Figure 1 , an aortic valve that is operating normally is represented by the diode D A remaining open (i.e., short circuit) during the ejection portion of each cardiac cycle. Permanent closure of the valve happens when D A closes (i.e., becomes open circuit) and remains closed for the entire duration of the cardiac cycle. Another way to detect the permanent closure of the aortic valve is to observe the blood flow to the aorta. This flow corresponds to the sum of the flow through the aortic valve and the flow coming through the pump. Thus, the aortic valve is considered closed when the blood flow through the aorta is equal to the blood flow coming through the pump; i.e., when x 5 (t) = x 6 (t) in the circuit of Figure 1 , for all t during the cardiac cycle.
The permanent closure of the aortic valve depends mainly on two physiological factors: (i) the severity of the heart failure, and (ii) the activity level of the patient. To cover a wide range of these factors, we simulated nine different cases corresponding to combinations of three different levels of heart failure (represented by three different values of E max ) and three different levels of patient activity (represented by three Table 3 .
RESULTS
The nine different cases defined in Table 3 have been simulated using our model for a range of P E from 0.12W to 1.56W. Before summarizing the overall results, we will first describe in detail the results that correspond to only one representative case: a patient with mild heart failure and with a moderate level of activity (i.e., E max = 1, HR = 75 and R S = 1.0). We will then illustrate graphically the general results encompassing all nine cases to show the effects of the aortic valve dynamics for different levels of the severity of the heart failure as well as the activity level of the patient, as defined in Table 3 . Figure 3 shows a plot of the minimum, maximum (i.e., peak) and mean values of the blood flow rate through the aortic valve as a function of P E . It is clear from this plot that the aortic valve closure occurs at the critical value of = 0.84Wwhich corresponds to a critical speed of ω c = 9206 rpm. Note that the minimum values of the blood flow rate through the aortic valve are small negative values when pump power is below . This small reverse flow in the aortic valve is due to the effect of the aortic compliance (denoted by C A in Figure 1 ). Physiologically, this is due to the adverse pressure gradient that is developed as the aortic flow begins to decelerate rapidly after reaching its peak which affects the low momentum fluid near the wall of the aorta, causing reverse flow in the sinus region [24] . Figure 3 also shows that as P E is increased starting at 0.12 W, the mean value of blood flow rate through the aortic valve decreases, as expected, and the maximum value of the blood flow also decreases but at a much faster rate. This happens because as pump power is increased, the pump speed increases and resulting in a higher pressure difference between the left ventricle and aorta, which causes more blood to flow through the pump than through the aortic valve. This phenomenon is more Inactive.
Level of physical activity
evident in Figure 4 which shows a plot of the pump flow rate as a function of P E . While all values (max, mean and min) of the pump flow rate increase, as expected, as P E increases, the maximum value seems to exhibit a breakpoint at the critical power = 0.84W by remaining constant beyond . This breakpoint in the slope of the maximum values of the pump flow occurs exactly when the aortic valve closes for the entire cardiac cycle and continues to be closed as P E is increased. Figures 5 and 6 show plots of the left ventricular pressure and aortic pressure, respectively, as a function of P E . It is interesting to note that after closure of the aortic valve at , the aortic pressure increases sharply and the left ventricular pressure decreases moderately with its maximum value decreasing at a much faster rate. On the other hand, below , the left ventricular pressure remains almost constant but the mean value of the aortic pressure increases while the maximum value remains almost constant. This latter observation is largely due to the fact that when the aortic valve operates normally, it remains open for a portion of the cardiac cycle which helps in keeping the maximum aortic pressure at a constant level.
An important factor that needs to be examined is the performance of the aortic valve prior to the time when it closes permanently. It is well known that for a healthy heart, a normal aortic valve remains open during about 30% of the cardiac cycle while blood is Change of aortic valve flow rate with pump motor power.
pumped through the valve to the aorta * [25] . In bridge-to-recovery LVAD treatment, clearly, the aortic valve does not instantaneously switch from normal operation (i.e., being open for a portion of the cardiac cycle) to complete closure. One would expect that as the power level increases, the duration when the aortic valve remains open during a cardiac cycle gradually decreases until permanent closure occurs at the critical values. This is actually confirmed in Figures 7, 8 and 9 which show plots of the percentage of the cardiac cycle during which the aortic valve remains open for the mild, moderate and severe heart conditions, respectively, vs. the pump power. Each of these figures includes the three different cases of the activity level of the patient. It is interesting to note that, as expected, for an LVAD used as a bridge-to-recovery, the range of variation in the control variable is widest when the heart failure condition is mildest (as shown in Figure 7 ). In fact, for a very active patient with mild heart failure, the valve remains active -being open during about 13% of the cardiac cycle -even when P E reaches a value of 1.44 W. On the other hand, for a patient with severe heart failure (as in Figure 9 ), it is extremely difficult to control the power delivered to the LVAD in such a way as to keep the aortic valve operating properly. The range of control
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over which the valve remains operating properly is very narrow, lower than 0.36 W for moderately active and inactive patients and lower than 0.72 W for a very active patient.
Comparing the three figures, it is important to note that regardless of the severity of heart failure, the more active the patient, the larger the .
Since and ω c are related by a complex nonlinear expression (eqn. 10), the values of and corresponding ω c for the nine cases in Table 3 are given in Table 4 .
The relationship between and ω c shown in Table 4 is quite interesting but not surprising. First, increasing the power to the LVAD does not always necessarily mean increasing the speed. As is clear from eqn. 10, the speed is also dependent on the rate of blood flow through the pump, which may have a compensating effect on the speed (i.e., decreasing it even if P E is increasing). Second, for all three levels of activity, the weaker the heart, the lower the speed at which the aortic valve shuts down, as expected. For example, for an inactive patient, the aortic valve shuts down when the speed reaches 7798 rpm if the heart is severely sick, but can hold off until the speed reaches 9244 rpm if the heart is mildly sick. On the other hand, for a given level of heart failure, the lowest speed at which the aortic valve shuts down seems to vary with the level of activity. For a patient with mild or severe heart failure, the aortic valve shuts down first when the activity level is moderate at 9206 rpm and 7453 rpm, respectively, but for a patient with moderate heart failure, the valve shuts down first at 8346 rpm when the patient is Left ventricle pressure as a function of pump motor power. Aortic pressure as a function of pump motor power. Aortic valve opening time as a percentage of the cardiac cycle for severe heart failure.
inactive. What this essentially means is that for a given state of heart failure, if the level of activity of the patient is continuously changing, the pump should be operated at control values of power and speed that do not go above the lowest values that result in shutting down of the aortic valve. Finally, it is interesting to note that the results in Table  4 are minimally affected by the pump parameters in the model, suggesting that the above observations are valid for a wide range of LVADs whose pumps can be modeled as described in section 2.2 above. Our analysis indicates that the critical pump speeds remain within ±0.7% of the nominal values shown in Table 4 when the pump parameters R P and L P are changed by ±10% from their nominal values as shown in Table 2 . Generally speaking, it would be preferable to operate the LVAD at control values that result in a specified percentage of the cardiac cycle for the aortic valve to remain open. As an illustrative example, Table 5 shows the pump power requirements and the resulting pump Table 4 . Critical pump power (in watts) and speed (in rpm) for the nine different cases (Table 3 Table 5 . Pump power (in watts) and speed (in rpm) for the nine cases (in Table 3 Table 4 and may be used as a guidelines for controlling the LVAD pump.
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DISCUSSION
Our results show that the slope of the maximum values (peaks) of the pump flow vs. the power delivered to the LVAD exhibits a significant change after the permanent closure of the aortic valve. This is a very important and interesting phenomenon because pump flow is the only one among the six state variables in the system that is easily accessible for measurement. This change can be used to identify the critical control variables ( and ω c ) that define the operating range of the LVAD for the normal functioning of the aortic valve. The power delivered to the LVAD must therefore be safely away from the value corresponding to this significant change in the slope of the maximum values of pump flow. The sharp increase of the maximum values of the aortic pressure after permanent closure of the aortic valve can have serious detrimental effects on the valve itself, often causing its deformation and collapse. This is one of the main complications associated with the permanent closure of the aortic valve.
One aspect of the results of interest is the level of cardiac support provided to the circulatory system in a bridge-to-recovery LVAD treatment. Table 6 shows the total blood flow rate in the circulatory system when the LVAD is operated to keep the aortic valve open for 15% of the duration of the corresponding cardiac cycle (i.e., using the control values shown in Table 5 ). The total rate of blood that flows in the circulatory system of a healthy person (with E max = 2) at the same three levels of activity defined in Table 3 are also shown in Table 6 . This table also shows the percentages for each of the nine blood flow rates with respect to the corresponding blood flow rate of a healthy heart. Note that in the case of mild heart failure, the total blood flow rate supplied to the circulatory system ranges between 87% and 91% of the blood flow rate required by a healthy heart. For the moderate heart failure case, this range is between 74% and 77%, and for the severe heart failure case, this range is between 56% and 59%. It is interesting to note that in each of these three cases, the range is very narrow (3 to 4%), indicating that the LVAD's ability to meet the patient's need for blood flow is not much affected by the level of patient's activity level. However, for each level of activity, the LVAD's ability to meet the patient's blood need is highly dependent on the patient's heart failure condition. These percentages cover a much wider range (30 to 32%) depending on the patient's heart condition. It is also important to note that in the severe heart failure case, the LVAD is only able to provide a little more than one half (56% to 59%) of required blood flow to sustain the patient's needs, leading to the intuitive conclusion that the LVAD may not be appropriate as a bridge-to-recovery treatment for patients with severe heart failure. Finally, as can be seen from the results in Figures 7-9 and Table 4 , the activity level of the patient plays an important role in determining the critical pump power and pump speed at which the aortic valve fails proper operation. These results suggest that in bridge-to-recovery treatment, the more active the patient is, the more active the aortic valve is, and as a result, the faster the recovery is likely to be. Furthermore, it is clear that in all cases, in order to keep the aortic valve functioning as actively as possible, it is recommended that the pump be operated at the lowest possible power level that is needed to provide the patient with the necessary level of cardiac support. The examples shown in Table 6 suggest that if the goal is to have the aortic valve remain open for around 15% of the cardiac cycle and to ensure that the circulatory system receives no less than 74% of the blood requirement of a healthy heart, then this can only be accomplished for patients with moderate to mild heart failure.
This research has a few limitations that should be mentioned. The conclusions of this study are based only on simulation results obtained from a mathematical model of the cardiovascular-LVAD system. As mentioned earlier, this model assumes a patient with a healthy pulmonary circulation and a healthy right ventricle, which is the case in about half of the heart failure patients, thus limiting the results to cases of only left ventricle failure. The critical pump power and the corresponding speed that cause closure of the aortic valve as discussed in this paper may be lower than the power and speed recommended by the pump manufacturer. Based on our results, the likelihood of this event occurring is highest in patients with severe heart failure and lowest in patients with mild heart failure, as can be seen in Figure 7-9 and Tables 4 and 5 . This limits the applicability of the critical values of pump power and speed as an LVAD control guide for bridge-to-recovery treatment only to patients with mild or moderate heart failure conditions, who indeed would be the most likely candidates for bridge-to-recovery treatment. The operation of the LVAD pump at speeds lower than what is recommended by the manufacturer has not been proven to be safe and may cause further complications for the patient.
CONCLUSION
For heart failure patients receiving LVAD as a bridge-to-recovery treatment, controlling the LVAD in order to ensure proper operation of the aortic valve is important in avoiding complications that can delay or prevent heart recovery. This paper presents a method for defining the upper limit of the operating range of the pump power, and consequently the pump rotational speed, so as to ensure proper operation of the aortic valve and to prevent it from closing permanently. Our results based on simulation studies only using a mathematical model of the cardiovascular-LVAD system show that this upper limit depends on the severity of heart failure and the activity level of the patient. The more severe the heart failure, the lower the limit; however, the more active the patient, the higher the limit. A method for determining this limit from observation of the pump flow rate is also discussed. An increase in the power provided to the LVAD pump results in an increase in the rate of blood flowing through the pump, and leading to three important events. The first is a saturation of the maximum, or peak value, of pump flow once the critical value of pump power is reached, indicating complete closure of the aortic valve. The second is a sharp increase in the aortic pressure which can continue to build if the critical power is exceeded and aortic valve closed, easily harming the valve and possibly preventing heart recovery. The third is a very slow decrease in left ventricular pressure as compared to the increase in the aortic pressure, the net effect of which leads to a gradual reduction in the aortic valve's opening time during a cardiac cycle. Once the left ventricular pressure becomes smaller than the aortic pressure at the critical values of power, the aortic valve will close for the entire cardiac cycle and will remain closed thereafter. This condition needs to be completely avoided in the operation of the LVAD as a bridge-to-recovery treatment.
APPENDIX -State Space Equations for the LVAD-Cardiovascular Model
The differential equations in state space form governing the behavior of the combined cardiovascular-LVAD system shown in Figure 1 
